O steoporosis and fragility fractures are major public health issues with considerable social and economic costs [1] [2] [3] [4] . Measurement of bone mineral density by dual x-ray absorptiometry and risk assessment by the Fracture Risk Assessment Tool (FRAX) model are currently the gold standard for the diagnosis of osteoporosis, and low bone density is a widely accepted major risk factor for fragility fracture [5] [6] [7] [8] . Yet, bone mineral density does not always accurately reflect fracture risk and up to 50% of those who sustain fragility fractures do not have osteoporosis by bone mineral density testing [7] [8] [9] . FRAX can also have a poor sensitivity for fracture prediction [10] [11] [12] . As such, recent efforts have focused on more sophisticated imaging technology to more accurately assess bone strength and fracture risk determinants.
In vivo assessment of bone morphology and microarchitecture is now possible using high-resolution peripheral quantitative computed tomography (HR-pQCT). Studies utilizing this technology have demonstrated worse trabecular and cortical bone microarchitecture in postmenopausal women and older men with a history of fragility fractures [13] [14] [15] [16] [17] [18] [19] [20] [21] . In some instances, differences in bone microarchitecture remained after fracture, even after adjusting for lower bone mineral density 14, 17, 22 . Although bone loss is most prominent after menopause, bone density and microarchitecture begin to decline before then [23] [24] [25] . However, it is unknown whether premenopausal women who sustain fractures have evidence of poor bone architecture.
We hypothesized that premenopausal women with fractures of the distal end of the radius would have similar bone mineral density but worse bone microarchitecture compared with control subjects with no fracture history. To address this hypothesis, we compared trabecular and cortical bone microarchitecture assessed by HR-pQCT at the distal end of the radius and distal end of the tibia in premenopausal women with a recent distal radial fracture and that in control subjects without a fracture. In addition, we determined whether differences in bone microarchitecture were significant after adjustment for bone mineral density at the hip or distal end of the radius.
Methods

Patient Identification
F ollowing approval by our institutional review boards, premenopausal women under the age of forty-five years were recruited at Beth Israel Deaconess Medical Center (Boston, Massachusetts) and Brigham and Women's Hospital (Boston, Massachusetts) by their treating orthopaedic surgeon. Consecutive patients presenting with a distal radial fracture were screened for inclusion. All subjects gave written informed consent before participation. Subjects were eligible for inclusion in the fracture group if they had a documented history of a fracture of the distal end of the radius within three months of presentation. Fractures occurring from low-energy falls (from a standing height or less) as well as high-energy injuries (falls from greater than a standing height, motor vehicle accidents, or sporting injuries) were included. Control subjects presenting for treatment of other upper extremity conditions (tendinitis, ganglion cysts, overuse syndromes, etc.) and had no history of fractures in adulthood (after the age of eighteen years) were recruited. Potential patients were excluded if they were pregnant or had endocrinopathies (insulin-dependent diabetes mellitus or thyroid disease) or metabolic bone disease (osteomalacia, osteoporosis, Paget disease, or primary hyperparathyroidism). Exposure to glucocorticoids and immunosuppressive medications constituted exclusion criteria, as did treatment with hormone replacement therapy, bisphosphonates, parathyroid hormone, selective estrogen receptor modulators, or aromatase inhibitors. Women with eating disorders were also excluded from participation. Of 144 patients screened, 120 were eligible for enrollment and agreed to participate. Of those patients, eight refused participation and sixteen were lost to follow-up (nine fracture patients and seven controls were enrolled in clinic but never presented for their dual x-ray absorptiometery and HR-pQCT examinations).
Demographic Information and Medical History
At the time of enrollment, information on any history of fractures, reproductive and menstrual history (including contraceptive pill usage), smoking, alcohol and caffeine intake, physical activity (inactive, moderately inactive, moderately active, or active), and use of calcium and vitamin D supplements was recorded using standardized questionnaires 26 . Weight was measured on a calibrated scale, and height was measured using a stadiometer. Data on hand dominance, mechanism of injury, and type of treatment were collected at the time of enrollment. Primary care providers were contacted for any missing information.
Fracture Treatment and Classification
On presentation to the orthopaedic clinic, patients with a nondisplaced fracture were treated with short arm casting until union. Fractures with substantial comminution and those that underwent manipulation in the emergency department were followed with weekly radiographs. Patients in whom reduction was maintained were transitioned to a short arm cast until union. Patients with a displaced fracture were offered surgical treatment. Details on the timing and type of surgical treatment were collected. The initial anteroposterior and lateral radiographs were reviewed, and fractures were classified according to the AO fracture classification system 27 by a fellowship-trained orthopaedic hand surgeon.
HR-pQCT of the Distal End of the Radius and Distal End of the Tibia
Trabecular and cortical bone density and microarchitecture at the distal ends of the radius and tibia were assessed using HR-pQCT (XtremeCT; Scanco Medical, Brüttisellen, Switzerland), as previously reported 13 . Scans were made in the noninjured extremity for fracture patients and in the nondominant extremity for control subjects. Scans were acquired at an isotropic voxel size of 82 mm. During scan acquisition, the arm of the patient was immobilized in an anatomically formed carbon-fiber shell. An anteroposterior scout radiograph was used to define the measurement region with a reference line manually placed at the end plate of the radius and tibia (Figs. 1-A through 1-D). The first CT slice was acquired 9.5 mm and 22.5 mm proximal to the reference line for the distal ends of the radius and tibia, respectively. At each skeletal site, 110 CT slices were acquired, thus delivering a three-dimensional representation of approximately 9 mm in the axial direction. The effective dose of radiation was <5 mSv per measurement. Using semiautomated three-dimensional software, we assessed total, trabecular, and cortical bone densities as well as morphology, including total cross-sectional area, trabecular thickness, number, separation, and the standard deviation of trabecular separation, which reflects the heterogeneity of the trabecular network, and cortical thickness. Reproducibility, calculated from repeat scans on twenty-five young individuals, ranged from 0.2% to 1.7% for density values and from 0.7% to 8.6% for microarchitecture variables, consistent with prior reports 13, 23 .
Bone Mineral Density
Areal bone mineral density (expressed in grams per square centimeter) of the hip, spine, and forearm (distal one-third of the radius and ultradistal end of the radius) was measured by dual x-ray absorptiometry (QDR 4500; Hologic, Bedford, Massachusetts) in the array (fan beam) mode.
Statistical Methods
The Student t test was used to compare age at diagnosis, age at menarche, and body mass index (BMI) between the forty patients with a fracture and the eighty control subjects without a fracture. Menstrual history, coffee and alcohol consumption, as well as physical activity were compared between groups using the Mann-Whitney U test with medians and ranges reported for the groups. The Fisher exact test was used to compare categorical variables, except for race, which was compared with the chi-square test. Densities and bone architectural measurements for the distal end of the radius and distal end of the tibia, determined by dual x-ray absorptiometry and HR-pQCT, were compared using the Student t test for univariate analysis. Unadjusted analysis and analysis after adjustments for age, bone mineral density of the femoral neck, and bone mineral density of the ultradistal end of the radius were performed using logistic regression to determine the odds of fracture expressed per one-unit change in standard deviation, with 95% confidence intervals (CI). A two-tailed p value of <0.05 was considered significant. All statistical analyses were conducted using SAS software (version 9.2; SAS Institute, Cary, North Carolina).
Sample size estimates were derived from prior data comparing bone microarchitecture by HR-pQCT in postmenopausal fracture patients. Our 635
power analysis indicated that sample sizes of forty patients with a fracture and eighty age-matched control subjects provided 80% power to detect a mean difference of 10% in each density and structural parameter, assuming a standard deviation of 20% (moderate effect size = 0.50) using the Student t test with a twotailed alpha level of 0.05 (version 7.0, nQuery Advisor; Statistical Solutions, Saugus, Massachusetts).
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Results
Patient Characteristics
F orty fracture patients and eighty control subjects were enrolled. The fracture and control groups were similar in their demographic characteristics and medical conditions (see Appendix). Subjects did not differ with respect to age, race, or BMI. The average time (and standard deviation) between fracture and scan acquisition was 49 ± 50 days (range, six to 191 days).
Among fracture patients, twenty-three injuries were sustained from a fall from a standing height, fifteen from high-energy 636 3, 2013 sports, and two from motor vehicle accidents. Twenty-two patients fractured the dominant extremity. According to the AO classification, twelve fractures were type A (six were type A1; five, type A2; and one, type A3), two were type B (one was type B1; one, type B2; and none were type B3), and twenty-six were type C (eight were type C1; eleven, type C2; and seven, type C3). Twenty-five fractures were treated with casting, and fifteen underwent operative fixation with a volar plate. All healed without complications.
Bone Mineral Density by Dual X-Ray Absorptiometry Bone mineral density was similar between the fracture and control groups at the femoral neck, spine, and distal end of the radius (Table I ). Although the difference was not significant, bone mineral density tended to be lower in the fracture group at the hip and ultradistal end of the radius (p = 0.06).
Microarchitecture by HR-pQCT
Cortical and trabecular microarchitecture differed between groups both at the distal end of the radius and the distal end of the tibia (Table II, Figs. 2-A, 2-B, and 3). At the distal end of the radius, the fracture group had lower total density (27%; p = 0.026), trabecular density (215%; p < 0.001), trabecular thickness (214%; p = 0.002), and trabecular number (26%; p = 0.03) than the control subjects without a fracture. Trabecular separation was greater among the fracture group (114%; p = 0.014). Cortical density and morphology at the distal end of the radius did not differ between groups. At the distal end of the tibia, the fracture group had lower values than the control group with respect to total density (211%; p = 0.001), trabecular density (214%; p < 0.001), and trabecular thickness (213%; p = 0.005). Trabecular separation was greater among the fracture group (19%; p = 0.037). In addition, the fracture group had lower cortical area (27%; p = 0.014) and cortical thickness (29%; p = 0.014). These results are summarized in Figure 3 .
The odds ratios for fracture, before and after adjustment for age and bone mineral density, are shown in Table III 637 3, 2013 of the differences in bone microarchitecture between the fracture and control groups remained significant after adjusting for age and hip bone mineral density or for age and ultradistal radial bone mineral density. In unadjusted analyses, odds ratios for a change of one standard deviation in bone microarchitecture at the radius ranged from 1.58 (95% CI: 1.05 to 2.39) for total density to 2.90 (95% CI: 1.38 to 6.08) for the distribution of trabecular separation. After adjustment for age and hip bone mineral density or age and ultradistal radial bone mineral density, the radial trabecular density, thickness, separation, and distribution of trabecular separation remained associated with fracture (adjusted odds ratios, 1.94 to 2.98). At the tibia, unadjusted odds ratios ranged from 1.51 (95% CI: 1.00 to 2.27) for trabecular separation to 2.19 (95% CI: 1.37 to 3.47) for trabecular density. After adjustment for age and femoral neck bone mineral density, the total density, trabecular density, trabecular thickness, cortical area, and cortical thickness remained significantly associated with fracture *BMD = bone mineral density, OR = odds ratio, and CI = confidence interval. †Odds ratio per standard deviation decrease (all variables, except trabecular separation and standard deviation of trabecular separation, which are calculated per standard deviation increase).
(adjusted odds ratios, 1.62 to 2.40). After adjusting for age and ultradistal radial bone mineral density, the total density, trabecular density, and trabecular thickness remained associated with fracture, whereas cortical area (p = 0.10) and thickness (p = 0.09) were no longer significantly associated with fracture. Trabecular and cortical densities were moderately correlated with total density (r = 0.68 and r = 0.73, respectively). At the radius, trabecular number (r = 0.72) and thickness (r = 0.73) positively correlated with trabecular density, whereas separation (r = 20.73) and distribution of trabecular separation (r = 20.59) inversely correlated with trabecular density. For the tibia, trabecular density had a moderate positive correlation with trabecular number (r = 0.61) and thickness (r = 0.64) as well as with cortical area (r = 0.50) and cortical thickness (r = 0.45). Cortical density was not significantly correlated to trabecular density (r = 20.05).
Discussion
P remenopausal women with a recent distal radial fracture have significantly poorer volumetric bone density and microarchitecture at the distal end of the radius and tibia compared with control subjects without a fracture. Specifically, women with fractures had lower total and trabecular bone density, as well as decreased trabecular number and thickness at both the distal end of the radius and distal end of the tibia. The fracture group also had lower cortical density and thickness at the distal end of the tibia. These differences remained after adjusting for age and bone mineral density at the hip and ultradistal end of the radius.
Studies have shown that bone loss associated with osteoporosis is accompanied by deterioration in bone architecture, increasing the susceptibility to fracture. Recent advances in highresolution imaging allowing quantification of trabecular and cortical bone microarchitecture have advanced our understanding of changes in bone mass and geometry 23, 28 . Furthermore, deteriorated cortical and trabecular microarchitecture, as measured by HR-pQCT 13, 29 and high-resolution magnetic resonance imaging 30 , have been associated with fragility fractures in postmenopausal women, independently of bone mineral density. Our study revealed that the fracture and control groups were similar with respect to bone mineral density and that differences in microarchitecture were independent of bone mineral density by dual x-ray absorptiometry. This suggests that HR-pQCT detects differences in osseous architecture that are not measured by dual x-ray absorptiometry scans alone.
The relationship between bone microarchitecture and fractures in postmenopausal women and older men has been studied previously 14, 19, 21 . The results have indicated that postmenopausal women with a history of fragility fractures have lower total and trabecular bone density, trabecular thickness, and trabecular number after adjusting for hip bone mineral density. Older men with a history of fragility fractures also have deteriorated trabecular and cortical architecture compared with age-matched control subjects without a fracture 18 . To date, the use of these imaging modalities in premenopausal patients has been limited and, despite the potential of identifying the early stages of skeletal fragility, we are not aware of any studies examining bone density and microarchitecture in otherwise normal premenopausal women with fractures.
Some studies have described lower bone mineral density in adolescents with forearm fractures, as well as higher rates of refracture, than in control subjects 31, 32 . Other studies, however, have noted that fractures in childhood do not predict fractures in adulthood 33 . A number of studies have demonstrated that bone loss begins in early adulthood once peak bone mass is attained 34 and, accordingly, fractures in early adulthood may be important risk factors for subsequent fragility fractures. Identification of patients at risk for osteoporosis before menopause would provide a unique opportunity to initiate early treatment and prevention efforts to decrease future fractures.
Previous work has shown that premenopausal women with idiopathic osteoporosis have worse trabecular architecture at the radius and tibia and thinner cortices at the distal end of the tibia than normal age-matched controls 35 . The women in our study did not have low bone mineral density, and yet they had a similar pattern of poor trabecular architecture and thinner cortices at the distal end of the tibia. Our fracture group included low and high-energy distal radial fractures, suggesting that low bone mineral density and deteriorated microarchitecture may play a role not only in fragility fractures but also in all fracture types. A similar association between low bone mineral density and traumatic fracture risk in older men and women has been previously reported 36 . Potential reasons for low bone mineral density in our patient population include genetic factors 37, 38 , menstrual function [39] [40] [41] , oral contraceptive use 42 , poor dietary intake 43, 44 , and lower physical activity [45] [46] [47] . Of these, late menarche and lower physical activity 39, 45, 48, 49 lead to a deterioration of bone microarchitecture as measured by HR-pQCT. We obtained detailed information from our subjects and did not detect any significant differences between the fracture and control groups. More subtle variations, however, may have remained undetected, and genetic factors were not explored.
Study limitations include a predominantly white patient population representative of the New England region as well as a cross-sectional design, which does not allow future fracture prediction. There was some variability in the timing of obtaining dual x-ray absorptiometry and HR-pQCT scans in the fracture group, which may have influenced the results. Although it is possible that the changes in microarchitecture occurred after fracture, we believe this to be unlikely since the arm without a fracture was measured and it is unlikely to have undergone any changes due to disuse. Furthermore, we were unable to explore whether poor bone microarchitecture was related to low bone formation and/or high resorption. Although this could be examined using serum markers of bone turnover, these are known to increase after a fracture, remain elevated for up to a year, and may not have been helpful in our cohort 50 . We did explore clinical factors that may have been related to poorer bone microarchitecture in the patients with a fracture, but we found no differences between groups with respect to common risk factors for low bone mineral density and fracture.
The strength of the study lies in its focus on distal radial fracture. Although central fractures are associated with greater morbidity and may have shown greater differences in bone microarchitecture parameters, we chose to focus on distal radial fractures because these are among the most common injuries in young adults 51, 52 and the second most common fragility fracture in postmenopausal women 53, 54 . Also, the pediatric literature has demonstrated that wrist and forearm fractures in children and young adolescents are associated with a decrease in bone mineral density 31, 32 . Third, distal radial fractures in adults typically occur at an earlier age than fractures of the hip or spine 23, [55] [56] [57] , offering a unique opportunity to initiate treatment for underlying abnormalities in bone structure and metabolism. These fractures are an important cohort to study in the setting of osteoporosis and fracture risk. In addition, our study is unique in that it compares osseous microarchitecture in premenopausal women with and without fractures. We were able to obtain all measurements relatively soon after fracture and limited the number of potential confounders by applying strict inclusion and exclusion criteria. Finally, this is the first study we are aware of to demonstrate differences in trabecular microarchitecture after adjusting for bone mineral density at the ultradistal end of the radius.
Current case management strategies are focused on identifying postmenopausal women with clinical factors and low bone mineral density who are at increased risk for fracture, and targeting them for pharmacologic intervention [58] [59] [60] . While this may reduce fracture risk, this approach may be limited in that bone mineral density is already substantially decreased at the time of intervention and compliance with osteoporosis medications is generally poor [61] [62] [63] [64] . Moreover, the majority of currently approved therapies are designed to inhibit further bone loss, rather than to promote bone gain to prior levels. Recent population-based studies have found that women experienced a significant decline in trabecular bone mass and architecture before menopause 23, 28 . Thus, an alternative approach to treating those at high risk for fractures would identify premenopausal women with early signs of skeletal fragility and initiate lifestyle and/or pharmacologic interventions to prevent further skeletal deterioration and reduce future fracture burden.
In conclusion, premenopausal women with a recent distal radial fracture have similar bone mineral density but worse microarchitecture compared with control subjects with no history of fracture. Although limited by the cross-sectional study design, our results suggest that poor bone microarchitecture at a younger age may be an important risk factor for fractures. Future work identifying patients at risk of osteoporosis before menopause may extend on our findings and provide opportunities to initiate early treatment and prevention efforts.
